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REACTIONS WITH STEEL OF COMPCUNDS CONTAINING CIFMICAL
GRCUPS USED IN LUBRICANT ADDITIVES

By Allen S. Powell

SMARY

The chemical reactlions petwesen steel of a type used in alircralt-
engine cylinder parrels and compounds ccntalning reactlve groups
commonly found in lvbricant additives were investigated. The products
formed by reaction at temneratures from 400° to 650¥ F were analyzed
by reflection slectron diffraction. The principal corrosive action
Tound was caused by oxygen carried in the reactant as dissolved alr
or dissolved moilsture. Additive reactivities were in agreemsnt wilith
predictions based on kncwledge of the chemical reactlvity of the
grcuns and linkages tested. The reactlon product cowld be identified
when complication of the diffraction patterrns by oxides of iron was
eliminated. Compound formation observed in this investigation
sunports the theory of boundary-lubricant additive actlion, which
states that additives foxrm compoundz of low shear strength at metal
gurfaces and prevent seizure and high abrasive wear when no fluid
film ls present.

INTRODUCTION

A review of the work already done in ths field of lubrication
of bearings under high loads indicates that a study cf the chemical
reoactions between steel and lubricant additives would be of wvalus
in future consideraticns of tone use of additive-contalning oils in
high-output aircraft engines. Weils and Southcombe (reference 1)
first suggested the possibility of decreesing the friction of
bearings oporating unfer conditions of low speed ani hich load where
a thick fluld lubricant film cammot be maintained. For these
conditions of lubrication - gencrally termed "boundary conditlons” -
the additlon of fatty aclds to mineral oils was founé to be an
effective methiod of roducing ccefficients of fricticn (refcrence 1).
Investigations by Sir Williem Fariy (reference 2), Langmuir
(reference 3), Beeck (reference 4), and Nacus, Coleman, and Roess
(reference 5) have demcnstrated that suck leng-chaln polar-carpound
additives aid lubrication by promoting the malntenance of adsorbed
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filuws o additive at the bearing surface. The interaction between
additive and surfece 1s entirely physical until temperatures and
nregsures at bearing surfaces become extreme (references 4, 6, 7, 8,
and 9).

For the prevention of wear at bearing surfaceg undel extreme
boundary conditions, Beeck, Glvens, and Williems (reference 10)
have found that long-chein poler compounds added to olls were
relatively ineffective. Their work has led to the use of addition
agents similar to tricresyl phosphate, which impart a high polish
to a metal surface. The chemical experiments described in refer-
ence 10 showed that long-chain polar compounds together with these
chemical polishing agents reduced wear by e factor of 2. The
inveetigators Proposed the theory that chemlical polishing agents,
such ag they have worked with, react at the high temperature of a
bearing under boundery conditions to form, by corrosive action and
subsequent reduction by carbon, a metalllc compound capable of
alloying with the bearing surface; these compounds lower the surface
melting point toward the eutectic temperature and thereby enable
the surface to become polished, When the besaring surface is
polished, 1ts rumning tempsrature is lowered and the corrosive
action of the polishing agent becomss negligible. Beeck (reference 4)
atates that the action of extrems-pressure addltlves in olls differs
from the action of chemical polishing agents in that the extroeme-~
pressure additives produce abrasive nonmetallic surface layers that
prevent welding of the bearing metals when the lubricant film breaks
down. A more gencral theory of boundary-lubrlcant additive action
states that, when no fluid lubricant film can be rmaintalned botween
the rubbing surfaces, additives prevent selzure and high wear of
bearing surfaces by reacting chemically with the bearing metal to
form an easily sheared nonmetallic layer on the surface (reference 11).

Davey (reference 12) has investigated the reduction of friction
at extremo pressure by usge of oils containing reactlve sulfur or
chlorinated compounds and has concluded that a chemical reaction is the
source of thelr properties. Thile conclusion is well supporfted in the
cage of chlorine compounds by tests of load-carrying capacity (refor-
ence 13). The abllity of a lubricant to carry higher loads wasg
found to be associlated with the chemical reactivity of the chlorine
in the compound used as the additive. The reactivity was changed
by changing the nature of the groups attached to the csrbon bearing
the chlorine, The load-carrylng capacities of the lubricants could
be predilcted from theoretical knowledge of the chemlcal behavior of
the chlorine compound thus formed. In a study of cutting fluids
and the chemical and physical basis for their action, Shaw (refur-
ence 14) has presented uvidence of chemical reaction between cutting
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fluids gimllar to boundary-lubricant additives and aluminum. The
surface compounds, which would be produced by chemical reactions
between metals and the additive-~type reagents that these workers
tested, are nonmetallic and of lower shear strength than the metal
itgelf.

The effect of the surrounding atmosphere on lubrication
phenomena seems to be of great importance, altihough no Investigation
hes been conducted to determine the basgic reactions between lubricant,
bearing surfaces, and atmosphers. Simard, Russell, and Nelson (refer-
ence 15) have investigated the reactlons between bearing surfaces
and oils or additives contalning lead and swifur. O0ils conteaining
active sulfur reacted witir steel giving y-FeCCH (rust), hydrated
iron oxlde, and F3304. 0iles campounded with lead naphthenate alone

gave FPbSO; and unidentified patisins (one of which might be a

form of FeS)., Iead naphthenate and sulfur together reacted to gilve
PbSO4 arnd TFbS; the b0y formed first, apparently because of

oxygen dissolved in the oil. The base olls gave 7—F3203 and an

unidentified pattern. (This pattern also might be a form of FeS).
Simard, Russell, and Nelson {reference 15) conclude that the effect
of the olls appears to be limited to theliwr action as oxygen carriers
or to possible inbteraction with the addltion agents. Xlnetic-frictlion
teats by Gilson (reference 16) showed that the coefficient of friction
of a lubricated bearing decreased in going from an evecuated space
about the bearing tc an atmosphere of alr end decresased further when
the atmosphere was changed to oxygen. The coefficlent of friction
in hydrogen was higher than in air. Addltion of moisturs to the
hrdrogen decreaged the coefficlent of friction., Bowden, Leben, and
Tabor (refsrence 17) found that the motion of a steel slider on a
pteel plate changed from “stick-slip" to smooth sliding after the
gysten was heated in an oxidizing atmosghere. Ths oll was probably
changed by oxidation but no study of corrosive actlion was mads, In
the case of lubrication by graphite, the development of generator
brushes to operato at high altitudes resulted in the discovery that
the entire lubricabting acticn of graphite arises from moisture
adsorbed on the graphite particles (rerfsrence 18). Without an
adsorbed film of water, graphitic carbon acts as an abrasive. These
results indicate certainly that air and molisture are important aids
to lubrication, but practical exverience with highly loaded bearing
surfaces definitely has shown a need for additives to supplement the
oxygen noymally carried 1n an oil.

The previous investigations dlscussed have shown that boundary
lubrication under extreme conditions involves chemical reaction among
bearing surfaces, surrounding atmosnhere, and lubricant. TFor a more
complete understanding of the reactlons between bearings and lubricents
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identification of the products formed and reaction-rate sturdies
are necesssery. Specimena obtained from a bearing test machlne
reproducing actual operating conditions are generally unsuitable
for such studies because of lack of control of many varlables during
the tests. Nonuniform conditions of temperature, pressure, and
surface structure exlst during operation of a bearing. Several
reactions are competing to form surface films. The nature of the
lubricant and the surrounding stmosphere is variable. _A machine
allowing operation of hearing surfaces under controlled conditions
of temperature, Tressure, lubricant, surface material and finish,
and surrounding atmeospliere would give Important Information on
frictlon and wear and would provide informaticn of fundamental
valne., Cherlcal analyses of oil used in a macalne of this kind
for dissolved metals, oxidation products, or other changes ere
needed. Surface examination of tihe used bearings for physical
changes and products of chemical reactions is also required,

The scope of the present Ilnvestication of edditive actlion has
heen limited by elimlnating ag far as posslble the variables of s
bearing test in order to produce a single chemlcal reasction on a
uniform surface at a Imown temperature. This eliminavion of
variebles was accom:lished by carrying out the reaction between
gurface and test compound in a glaszs tube sealed under vacuum,
Blectron diffraciion, which provides one of the beat methods of
gtudying surface chemical fiims, was used for the identification »f
the products formed during these tests. The reactants chosen for
the experinents were steel of a type used in alrcraft cylinder
berrels and compounds contalning reactive groups and llnkages
commonly found in extreme boundary-lubricant additives. The investli-~
sation wag conducted at the NACA Cleveland laboratory during 1944
and 1945,

MATTRIALS, APPARATUS, AND PROCEDURE
The addivive-type compounds tested wore:

Aliphatic linkage Reactive group Aromastic linkage

Stearic acld Carboxyl Benzolc acld
Tetrachloreschane Chloride Chlorobsnzene
Dodecyl sulfide Sulfide Phenyl sulfide
n-Butylemine Amino Aniline

The test surfaces were of SAE 4140 steel metallugraphically polished
with aluminum oxide on broadcloth. 'Phe compounds werce tesbted at
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temperatures from 400° to 650° F, which are In the range attaired
by alrcrafi-engine cylinders during operation, although probadly
lower than the temperature at the sliding surfaces. The specimens
were examined bafore and after experiments by reflection electron
diffraction.

A series of exploratory tests in this investigebion revealed
that 2 wvacuum of lsss than 1 micron of mercury was required to
remove oxygen from the reagents and evacuating systenm to such an
extent that iron-oxide patterus were no longer prominent. The
procedure used to atitain this vacuwmm condition was evacuatlon of a
tube contalning steel and reagent by an oll diffvsion purp sealed
tov the tube. When the pressure measured by s thermccouple gage was
below 1 mlcron, or in tke case of volatile compounds, when aboub
one-half of the reagent had been pumped from the system, the glass
tube containing reagent and specimen was sealed under vacuur. These
gsealed tubes were heated in bombs at the reagtion temperature for 3
t> 4 hours. ALAfter cooling, the tubes were opened and the gteel
specimen was washed in benzene and transferred with as little delay
as possible to the diffraction camera.

The electron-diffrection camera used was the standard adaptor
for the type IMB-4 RCA elsctron microscope. The patterns obtalned
were identiflisd by comparison witk tke A.S.T.M. card file of X-ray
diffractlion patterns. The over-all precision of the method used
for pebttern measurement was 3 percent or better, With the use of
estimeted Iintensities, this vrecision permlts alimecast positive
ldentification of the surface films found.

RESULTS AND DISCUSSICN

Because tie compourds chosen for sbtudy contain the chemicsl
groups typlcal of those used in lubricant edditives in the extreme
boundary-lubrication region, the following discussion is therefore
limited to comsideration of the lubricaticn trocess only unier
extrere boundary ccndlitions. The rssults are surmarized In vable I
ani diffraction patbsrns typical of those from which the data of
thls table were obtained are shown in figure 1.

Figure 1(a) shows a diffraction pattern from & surface before
teost. The notewortiy features of this patitern are faint lines of
the a-~Fe ravtern, broad lines at the vositions usuvally associated
with polished surTaces, and & great deal of beckground haze caused
by speculiar reflection of electrons. These “eaturss indlicate an
undulatory roughness ani scxe gcrabches and plts remeining on the
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polished specimens; these conclusions were confirmed by micrcscoplc
examination of the pclished surfeces.

The results of these experiments are in excelleni agreement
w.th the known facts about the groups and linkages tested. Benzoic
acid 1is a stronger acid than stearic acid. After being heated for
3 to 4 hours at a temperature of 400° F in & sealed tube with stearic
acid, & pollshed steel specimen had etched to a matte gray. The
electron-diffraction pattern from the specimen proved to be a nmixturse
of the patterns of o~Fe and GFFGEOS. Benzoic acid at 4CO° ¥ etched
the surface more deeply and gave only the patterr of &-Fe. The
corroglve action of benzolc acld was intensified at 500° F. The
ocecurrence of GPFGSOS in the reaction with stearic acid could bs
due tc dlssolved air in the acld inasmuch as the reaction tube
contalning the specimen and acid was evacuated at room tempsrature.
TIron stearate or benzoate, which might have formed on the steel
surfaces, would have been removed along with the unreacted acids
when the specilmens were washed wlth benzene.

The chlorine-containing compounds, tetrachlorethane and chloro-
benzone, were used at temperatures of 400°, 500°, and 650° F. The
compounds found on the steel specimens ware FoQCl and FeClz 1in

the case of tourachlorethane, and TezJy, In the case of chloro-
benzene. The Fe.0; was taken as an indication of residual moisture

in the chlorobenzonoe used. Fo0CL results from hydrolysis of
FoClz during tranefer of the specimen from the reaction tube to the

diffraction camera. When the specimens were briofly exposed to alr,
FoCl3 lines disanpearod from the pattern cobtailned and p-FeDOH

lines appearod es tho hydrolysis progrossod. The feiluro of chioro-
benzene to form a chloride with iron is to bo ezpected as typical

of the low reactivity of halogen in an aromatic linkage, vhereas

the formation of FoCl5 by tetrachlorethane shows the high reactivity

of the alinhabtic chloride linkages.

Dodecyl and vhenyl sulfides were used for the tegts of the
sulfide group. Aftor heating at 500° F, dodecyl sulfile gave a
specimen coated with a black material that gave the diffractlon
pattern of FeS. Phenyl sulfide, on the other hamnd, reacted at 550° F
to form rrinecipally FeS,, although lines tentatively identified as
ariging from a form of FeS also appeared in the diffracticn nattern.
Theory would predict a lesser reactivity for phenyl sulfide than
dodecyl sulfide because of the greater bond strength betwsen carbon
and sulfur in an aromatic linkage than in an aliphatic bond.
FPormation of FeSE would require a more reactive aulfur than
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formation of Fe3, A possible explanation is that the phenyl
sulfide used contained polysulfides as lmpurities. Thke only other
weans by which phenyl sulfids could react with steel would be
througi formation of biphenyl.

The amino-groun compounds tested were n-butylamine and aniline.
At temperatures of 400°, 500°, and 650° F, n-butylamine gave an
unidentifiable compound and F6504 on tihe specimen surface. Aniline
was run only at 450° ¥, at which temperature a mixture of y-Fe,0z
and a-FeBO3 formed on the surface, The presence of oxides on stesl
after heating in emines is somewrat unexpected as amino comnounds are
added to oils as antloxidants. No 1eaction between armines =nd steel
was expected, but the reducing action of the amines would have been
expected tc prevent the oxldation of whe steel specimens, Theoreti-
cally, n-butylemine would be a betier reducing agent than aniline
because of the stebilization of the amino group of aniliine by 1ts
bond to an aromatic rucleus.

The formation of 74F9205 18 characteristic of the low-pressure
and low-temperature oxidabion of sbeel by air (reference 19); aw-Fezo3
is formed fram 7-Fe,0; by transformation at approximateiy 650° F
under normal conditions. The presence of 7-F6205 after heating in
aniline suggests that the aniline used contained dissolved air. The
formation of Fesf'J,= by heating stesl in n-butylamine might be due to
rosidval molsture in the amlne inasmuch as prolonged drying of n-butyl-
ammine over potassiumt hyiroxide decreased the lntensity of the F3304
pattern.

Because 74F0203 and Foz0, are isomorphous, the diffraculon

patterns were dlflTerentiated on the basis of the sharpness of the

iffraction rings in accordance with the statement of reference 15
that diffuse diffraction patterns are typical of y-Fe,0z. Comparison
of diffrsctlon »atterns cbitailned from surfaces heated in aniline and
n-butylamine (figs. 1(d) and 1(e)) exemplifiass this difference in
sharmness. Exposurs to alr during tranefer from reactlon tube to
camera nay coatribute to the oxlde patterns found.

The actlon of oxygen asg an &ld to lubrication has been investi-
gated and discussed in references 16 and 17. The fact that the
pregence of oxygen led to the formation of lron oxides in preference
to the reactlion bebtwoen the additive-~-type compound and steel, as shown
by the obscuring of the reaction-product diffraction pattern, indicates
that under ordinary conditions oxygen carricd in a lubricant can be
an important aild to lubrication. The diffraction patterns obtalned
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in reference 15 supported the conclusion that in extrems boundary
lubrication the effect of olles was limited to their action as oxygen
carriers or to possible interaction with the addition agents. This
conclusion neglects the consideration that neither the experiments
of reference 15 nor the experiments reported hereiln extended to
reaction condltions where the rate of reaction between additive and
steel 1s much greater than the rate of oxidation of steel., The
additives probably become important when oxygen 1s no longer
avallable at the lubricated surface, as 1s shown by the present
results, although bearing-test semples suitable for diffraction
examination cannot be obtained from tests unier conditlons where the
action of oxygen haes been eliminated. Removal of oxygen by reducing
agents, such as amines added to oils, may be somewhat harmful inas-
nmuch as oxygen actually serves as an aid to lubrication. Ordinarily
thisg effect is neutrallzed by using a second resctlive additive to
counterbalence the loss of oxygen. The most important property of
an additive 1s undoubtedly the nature and ease of formation of the
product of reactlon between surface and additive. Unfortunately no
direct correlation of the resulis of thils investigation with friction
and wear measurements is available.

If the reactivity between addltive and stesl is assumed to be
the reason for frictlon and wear reduction dby oil additives, heat-
resistant end corrosion-resistant steels, such as the SAE 4140 stesl
used in these experiments, rasqulre more active lubricant additives
than cagt-iron or low~alloy steels to ilnsure the same degree of
lubrication, TIurther investigation is needed +to establish this
theory, but the assumption on the basis of the results of this investi-
gation and the work discussed earlier In this paper seems reasonable,

Inasmuch as any compounds of iron except certain intermetallic
compounds are of lower shear strength than metallic iron, the observed
formation of nommetalllc surface fllms by reaction of additive-type
compounds with ateel is 1n agreement with the theory that additives
aid lubrication by the formation of easily sheared contaminating
layers on bare metal surfaces. Such layers enable bearing surfaces
to sllde over one another without seizure in the momentary absence
of an oil £ilm,

Correlation of the vesults of thls investigation with the
Process occurring in a bearing 1s limited because only a few of the
operating varlables were reproduced. The additive-type compounds
used were of technical purity, because compounds of this purity
wero avallable and actual additives used in compounding lubricants
would also be of technical grade. Impurities such as dissolved air
and molsture, which may be present in technlcal-grade reagents, tend
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to mask the r930uiv¢ty of the type compound in which they occur. In
a dynanic gysbtem such as a Jjournal rotating in a bearing at high
temperature and load, reaction products Trom the impurities would
be removed Ifrom the surface until the amount of reacticn product
formed became negligible, unless the impurity were renswed from an
external source. The reactlivity of metal surfaces when freshly
formed, as in the case of abrasion due to running, is known to be
greater than that of surfaces exposed to aly and materials commonly
present in air, such as water and oil vapors. Surfaces prepared,

as in this investigation, by mechanical polishing are known to be of
less activity than rougher machined suxrfaces.

The experiments of this investigation have been limited to
chemical reactions between a few tynes of orgenlc compound and steel.
No precise correlation with reduction in friction, rate of wear, and
loasd-carrying capacity has been attempted at this preliminary stage.
By analogy, however, some inferences as to the relatlon between
chemical reaction and other lubricant properties are Justified and
accordingly have been discussed.

CONCLUDIIIG REMARKS

The chemical rsactions between lubricant-additive~type compounds
and stesel were investlgated by electron-diffraction exemination of
specimens hoated in sealed tubes with the corrosive reagents. The
followlng ccnelusions m&y be drawn from these experiments:

1. Compowmds of the -type used in lubricant addit;ves reacted
with steel surfaces at temperatures From 400° to 650° F to give
identifiable products.

2. Additive reactivities with steel were in general agreoement
wlth predictions based on knowledge of the chemlcal reactivity of
the groups and linkages tested.

3. Under the conditlons used in these coxperiments, oxygen and
water dissolved in the reagents tended to corrode steel more readily
than the reactive group. When present, the oxide patterns obscured
the diffraction patterns formed by other corrosion products,
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4. The observed compound formation supports the theory of
boundary-lubricant additive acticn, which states that additives
form compounds of low shear strength at beasring surfaces and prevent
geizure and wear when no fluld film is present.

Aircraft Engine Research Laboratory,
Netional Advisory Commlttee for Aeronautics,
Cleveland, Ohlo, Septeubsr 20, 1946.
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TABLE I ~ PRODUCTS QF CORROSIVE ACTION CF LUBRICANT-ADDITIVE~TYPE

COMPOUNDS ON SAE 4140 STEEL

Compound Tonperature! Products | Prcbable process
(°r) of formation
Alinhatic Linkage
Stearic acid 400 a-Fe Etching
a-Feg0z Digsgolved air
N-Butylemine 400, 500, 850 F8304 Dissolved watexr
Unidentiiiec product)- = = = = = = ~ = =
Tetrachlorethane | 400, 500, 650 FeClxz Direct reaction
FeCGCL Eydrclysis of FeClz
Dodecyl sulfide 500 FeS Direct reaction
Aromatic Linkage
Benzole acid 400, 5C0 a-Te Etching
Aniline 450 7-Fep0z, a-Feplz |Dissolved air
Chiorcbenzene 400, 500, 650 Fez0y Dissclved water
Phenyl sulfide 550 PeS;, FeS Direct reaction

with impurities

HATIORAL. ADVISORY COMMITTEZ
FOR AERONAUTICS
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AL
2 .
{a) Polished specimen
before test. 0O-Fe;
polish rings.
NACA
C-15100
6-11-46
(b) Reactant, stearic (c) Reactant, benzoic
acid; temperature, acid; temperature,
' 400° F; compound 400° F; compound
formed, X-Fe,0z. - formed, a-Fe.

Figure |[. - Electron-diffraction patterns from SAE 4140 steel
surfaces before and after heating with lubricant-additive—
type compounds.
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J
(d) Reactant n—-butyta- (e) Reactant aniline;
mine; temperature, _ temperature, 450° F,
400° F; compound compound formed,
¢ formed, Fez0,. a—Fe203; Y—Fe203.

(g} .Reactaﬁtl chloroben—

ethane; temperature zZene; temperature,
650° F; compound 650° F; compound
formed, FeClz; FeOCI. formed, Fez0,.

NACA
C-15099 . _ o o
R - g - ~ § 6-11-46 _ . I
Reactant, dodecy!l ( Reactant, phenyl sui-
? sulfide; temperature, fide; temperature,
500° F; compound : 550° F; compound
formed, FeS. ' formed, FeS, .
[
Figure |. - Concluded. Electron-diffraction patterns from

SAE 4140 steel surfaces before and after heating with lu-
bricant-additive-type compounds.



